In an earlier publication we reported on the role o f arginine for the development o f nitrate reductase activity in cells o f the filamentous cyanobacterium Oscillatoria chalybea (Bednarz and Schmid, Z. Naturforsch. 46c, 591 (1991)). In the present paper we present further evidence that arginine is the natural inducer for nitrate reductase activity. Thus, we show that the induc tion is regulated by transcription, probably related to the apoprotein or the molybdenumcofactor. We also examined the influence o f arginine on nitrate reductase activity in the fila mentous cyanobacterium Anabaena PCC7120. In contrast to Oscillatoria chalybea this cyano bacterium forms heterocysts and shows nitrogen fixation activity. Like in Oscillatoria chalybea nitrate reductase activity in Anabaena PC C 7120 is stimulated in the presence o f arginine as the sole nitrogen source. However, this stimulation is limited to an early growth stage. Sub sequently, nitrogen fixation activity appears and nitrate reductase activity decreases.
Introduction
Assimilatory nitrate reduction in cyanobacteria is a regulated process. However, the mechanism of this regulation remains unknown. In all cyanobac teria studied so far am m onium seems to repress the expression o f nitrate reductase activity. This influence is observed when am m onium is m etabo lized through glutamine synthetase [2] , If this en zyme is inhibited by MSX (methionine sulfoximine), no repression takes place. There are differ ent views on the induction o f nitrate reductase activity by nitrate: First, according to Herrero et al. [3] de novo synthesis of nitrate reductase takes place in filamentous, heterocyst-forming cyano bacteria like Nostoc and Anabaena only after transfer to nitrate containing medium. On the oth er hand in unicellular cyanobacteria like Synecho coccus nitrate is not obligatory since induction of nitrate reductase takes also place after transfer to media with no bound nitrogen. This has also been shown for the filamentous non heterocyst-forming cyanobacterium Oscillatoria chalybea [1] . Second, according to Bagchi et al. [4] and Avissar [5] there is a derepression o f nitrate reductase activity in filamentous nitrogen-fixing cyanobacteria when Reprint requests to Prof. Dr. G. H. Schmid.
Verlag der Zeitschrift für Naturforschung, D-W-7400 Tübingen 0939-5075/92/0700-0540 $01.30/0 cells are grown on molecular nitrogen. They have shown, that nitrate is not required for de novo syn thesis of the free apoprotein, but is needed for the de novo synthesis of the molybdenum-cofactor.
We have recently proposed that induction o f ni trate reductase activity occurs when the cells need nitrogen for growth. The response to this condi tion leads to a mobilization of arginine which in the form of cyanophycin serves as nitrogen stor age. And it was assumed that this arginine induced the induction of nitrate reductase activity [6] .
In the present paper we show, that induction of nitrate reductase activity indeed occurs as re sponse to nitrogen deficiency during growth o f the cells. It looks as if an arginine mobilization is cor related with the synthesis of nitrate reductase apo protein or molybdenum cofactor. This synthesis is shown to be regulated on the transcriptional level. Furtherm ore, we analyzed the induction process in Anabaena PCC7120, a nitrogen fixing cyanobac terium in order to elucidate the im portance of nitrogen fixation for the induction o f nitrate reductase.
Materials and Methods
Oscillatoria chalybea was cultivated under the previously specified conditions [1] . Anabaena PCC7120 was grown in medium BG 11 containing 0. Determ inations o f ammonium, chlorophyll, ni trate, nitrite and nitrate reductase activity were perform ed as described before [1] .
F or studying the effect of nitrogen deficiency, cultures o f Oscillatoria chalybea were grown on 1 m M N a N 0 3 as sole nitrogen source. The concen tration o f nitrate, nitrite and ammonium in the medium as well as the nitrate reductase activity of the cells were determined over a period of 18 days.
In order to examine the mechanism of induction of nitrate reductase activity, we added 10 m M argi nine to nitrate-grown cultures of Oscillatoria cha lybea. This addition of arginine causes an increase in nitrate reductase activity of the cells, as dem on strated earlier [1, 6] , To some of the cultures the antibiotics rifampicin or chloramphenicol were added at the concentration of 50 (ig * m l"1 medi um.
Arginine-metabolizing activity: The reaction as say contained in 3 ml: 200 jxmol Tricine pH 8.5, 3 fimol L-arginine, 0 .5 -1 .0 ml thylakoid prepara tion as described earlier [1] corresponding to 3 0 -5 0 |ig chlorophyll. The assay was incubated at 30 °C for 5 h. The reaction was stopped by adding 0.1 ml 2 n H 2S 0 4. Then the assay was centrifuged at 5,000 x g for 5 min and the clear supernatant was used for the analysis of reaction products, i.e. citrulline, ornithine and ammonia.
Citrulline determination: Citrulline was deter mined according to Prescott and Jones [7] . The color mix used in the assay consists of a mixture of two parts o f 0.5% antipyrine in 50% (v/v) sulfuric acid and one part of 0.8% diacetyl-monoxime in 5% (v/v) acetic acid. 1 ml o f this solution was add ed to 2 ml o f the sample and this reaction mixture was incubated at 100 °C for 20 min. After cooling the absorbancy at 466 nm was read.
Ornithine determination: Ornithine was deter mined according to R atner [8] , The reagent, pre pared fresh daily, was made by dissolving 375 mg ninhydrin and 55 mg hydrindantin in a mixture of 6 ml 6 m H 3P 0 4 and 9 ml of glacial acetic acid by heating to boiling for a few minutes. 0.5 ml of this reagent were mixed with 0.5 ml o f the sample to be analyzed and 0.75 ml glacial acetic acid. The mix ture was heated to 100 °C for 30 min. After cool ing to room tem perature 1.5 ml glacial acetic acid was added and the absorbancy was read at 515 nm.
Results

N itrate reduction in
Oscillatoria chalybea is ac companied by excretion of nitrite into the medium (Fig. 1) . We never observed excretion of am m o nium. When cells were grown on 10 m M nitrate for 4 weeks, the nitrate concentration decreased to less than 3 m M whereas the nitrite concentration in creased to more than 3 m M .
Thus, not all the nitrate-nitrogen reduced by ni trate reductase directly serves as a nitrogen source to the cells. When cells were grown on 1 m M nitrate nitrite excretion was also observed (Fig. 2) . But by the time when nitrate concentration had decreased to zero this nitrite was also assimilated and used as nitrogen source.
The induction o f nitrate reductase activity in a cell culture showed the same behaviour regardless whether grown on 1 m M nitrate (Fig. 2) or on 10 m M nitrate [1] . W ithin the first days nitrate re ductase activity increased up to a factor of five and then decreased, reaching the initial minimal rate after ten days. The observed increase in nitrate re- ductase activity during the first days is clearly ac companied by an increase in arginine-metabolizing activity (Table I) . As shown by us earlier, cells grown on nitrate contain the storage product cyanophycin [6] . Therefore, arginine, formed by cyanophycin degradation, seems to be m etabo lized to ornithine and am m onia in a relation of 1 to 2 (Table I) , an enzyme activity which supplies the cells with ammonium-nitrogen. In the later growth stage arginine is metabolized to citrulline and ammonia (1 to 1) by an arginine-deiminase, a reaction which also provides the cells with energy in form of ATP (data not shown). However, from that moment onward when all the combined nitrogen in the medium is used up nitrate reductase activity increased again (Fig. 2) .
In following experiments we addressed the ques tion what kind of regulation is involved in the con trol of nitrate reductase activity. We used cultures which were grown on nitrate for 16 days and ad d ed to some of these cultures 10 mM arginine. As has been shown before [1] this addition causes a stimulation of nitrate reductase activity o f the cells (Table II) . This stimulation was suppressed, when there was a simultaneous addition o f the antibiot ics rifampicin or chloram phenicol. Presence o f these antibiotics alone, w ithout addition o f argi nine caused only a slight decrease in nitrate reduc tase activity (Table II) . For com parison we investigated the regulation of the process in Anabaena PCC7120 and three chlorate resistent m utants of this filamentous heterocyst-forming cyanobacteria. W hereas in Oscil latoria chalybea induction o f nitrate reductase ac tivity occurred similarly in presence o f nitrate or arginine as the sole nitrogen source, the induction of this enzyme activity in Anabaena PCC7120 dif fered depending on the nitrogen source. After the transfer to nitrate containing medium, nitrate re ductase activity increased reaching a m aximum after five hours. In the presence o f arginine as sole nitrogen source the increase o f enzyme activity lasted only two and a half hours and decreased then to the initial value (Fig. 3) . The results presented in Table III clearly show, that there is an identical induction of nitrate reduc tase activity within two and a half hours after transfer to nitrate, arginine or nitrogen-free medi um but no induction after transfer to the am m o nium containing medium. This is true for the wild type and for one of the m utants. In the other two m utants no induction of nitrate reductase activity has been observed.
Discussion
A peculiarity of assimilatory nitrate reduction of Oscillatoria chalybea is the excretion o f nitrite into the medium which is also observed in Oscilla toria rubescens [9] . This excretion seems to be caused by the unusual low affinity for nitrite o f ni trite reductase in Oscillatoria chalybea. The Km (ni trite) for this enzyme was estimated to be 1.1 m M meaning that the affinity for nitrite is m ore than ten times lower than in Synechococcus PCC6301 or Anabaena PCC7119 [10] . It should be noted that we did not observe a change in nitrite reduc tase activity after the transfer of the cells to nitrate medium. Hence, the extent of nitrite reduction is not regulated by the enzyme concentration but by nitrite concentration and the nitrite concentration in the cell is regulated by nitrate reductase activity. This means that nitrate reduction in Oscillatoria chalybea is regulated by nitrate reductase activity itself.
By use of the antibiotics rifampicin and chlor amphenicol we were able to show, that nitrate re ductase is under transcriptional control. This con trol may affect the apoprotein or the molybdenum cofactor which is needed for enzyme activity. In duction of nitrate reductase occurs under nitrogen limitation. As we have shown before [1] , nitrogen limitation leads to cyanophycin degradation and Table III . Nitrate reductase activity in French-press preparations o f Anabaena PCC7120 and the three chlorate resistant mutants "2", "6 " and "0/34". Cells were harvested 2.5 h after the transfer to medium with the indicated nitrogen source.
Nitrogen source
Anabaena PC C 7120 M utant "2" M utant "6" Mutant "0 /34" thereby to an increase in arginine concentration. This arginine seems to induce the transcription of a gene coding for nitrate reductase or the molyb denum cofactor. The same mechanism might ex plain the induction of nitrate reductase activity in Anabaena PCC7120. Simon [11] has shown, that after the transfer of cells to nitrate containing me dium a m obilization of cyanophycin occurs. This leads to an accum ulation of arginine, inducing in turn the synthesis of nitrate reductase. After the transfer to an arginine containing medium this amino acid is taken up leading to an increase of arginine concentration in the cells, which in turn leads to induction o f nitrate reductase. However, in contrast to the situation with nitrate as nitrogen source, this increase in nitrate reductase activity does not lead to am m onium production. Therefore, under these conditions synthesis of nitrogenase in the heterocysts seems to occur and am m onium is produced by nitrogen fixation. Strieker (unpublished [12] ) has shown that nitro gen fixation occurs two hours after the transfer of the cells to a medium without combined nitrogen. When nitrogenase is synthesized, induction of ni trate reductase is inhibited. This may be caused by competition of nitrate reductase and nitrogenase for the m olybdenum cofactor.
Studies with Anabaena PCC7120 and three chlorate resistent m utants have shown that nitrate, arginine and the condition with no combined ni trogen in the medium exert the same effect on ni trate reductase induction. This suggests that in this heterocyst-forming filamentous cyanobacterium the same mechanism for induction o f nitrate re ductase occurs as that described for Oscillatoria chalybea.
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